Objective: To understand the incidence and persistence of severe obesity (≥1.2 × 95th BMI percentilefor-age) in girls across the transition to adolescence, and map developmental trajectories of adolescent severe obesity in a high-risk sample. Methods: We examined ten years of prospectively collected data from a population sample of urban girls (n = 2226; 53% African American, aged 7-10 in 2003-2004). We determined severe obesity prevalence and incidence by age. Logistic regression evaluated for secular trend in the association between age and severe obesity prevalence. Unconditional latent growth curve models (LGCMs) compared BMI development through the adolescence transition between girls with severe obesity versus healthy BMI. Results: Severe obesity prevalence was 8.3% at age 7-10 and 10.1% at age 16-19 (white: 5.9%; African American: 13.2%; p < 0.001). Age-specific prevalence increased more rapidly among the latest-born, versus earliest-born, girls (p = 0.034). Incidence was 1.3% to 2.4% annually. When we compared 12-15 year-old girls with severe obesity versus healthy BMI, average body weight was already distinct 5 years earlier (16.5 kg versus 25.7 kg; p < 0.001) and the BMI difference between groups increased annually.
Introduction
Between 1976-1980 and 1999-2004 , the prevalence of severe obesity in US youth aged 2-19 years more than tripled [1, 2] . Over the same time frame, severe obesity prevalence increased disproportionately among the poor [1, 2] . One recent analysis shows that among major racial/ethnic groups, non-Hispanic black girls, aged 12-19 years, have the highest prevalence (12.6%; SE 1.0) [2] . Prevalence estimates for non-Hispanic white girls and Hispanic girls of the same age were 4.8% (SE 0.8) and 6.3% (SE 0.8), respectively [2] . Since poor and minority youth are not only at particular risk for severe obesity, but are also likely to lack resources for treatment, an understanding of the natural history of severe obesity in that group is critical as a first step towards prevention strategies.
As youth-onset severe obesity prevalence has risen, its definition has been in flux. In 2007, an expert committee defined severe childhood obesity as a body mass index (BMI) ≥ 99th percentilefor-age, calculated by extrapolation from CDC growth charts [3] . However, since then, an alternative approach of defining severe obesity (≥120% of the 95th percentile-for-age) has been widely adopted [2, [4] [5] [6] [7] . It provides a better fit to empirical 99th BMI percentile values than do 99th percentile values extrapolated from the CDC growth chart lambda-mu-sigma parameters. In addition, the definition based on 120% of the 95th percentile-for age avoids the concern that CDC growth-chart values above the 97th percentile are beyond the range of the data from which growth chart parameters were calculated [8] .
National data from 1999 to 2004 show that among youth aged 5-17 years with BMI ≥99th percentile-for-age, 59% exhibited at least 2 cardiovascular risk factors (CVRF) and 11% at least 4 CVRF. For those with BMI in the general obesity range (≥95th percentile-for-age), the corresponding estimates were substantially lower at 39% and 5% [9] . Furthermore, over 30% of US youth with BMI ≥99th percentilefor-age have findings consistent with the metabolic syndrome, versus only 13-17% of youth with a BMI-for-age in the 95-97th percentile (p ≤ 0.04) [1] . They also show significantly higher systolic and diastolic blood pressure, insulin, and liver function tests, along with lower HDL cholesterol [1] . Youth-onset severe obesity (BMI≥1.2 × 95th percentile-for-age), has likewise been cross-sectionally associated with gallstone disease [6] , fatigue and diminished mobility [7] . Furthermore, youth-onset severe obesity may be unlikely to reverse; in one analysis of severely obese children, 100% of individuals with adult follow-up data were found to be obese and 65% to have extreme obesity (BMI ≥ 40 kg/m 2 ) in adulthood [9] . In another sample, 70.5% of severely obese adolescents remained severely obese in adulthood [10] . This persistence of adolescent severe obesity into adulthood heightens concerns for long-term health implications because adult severe obesity is linked with numerous adverse outcomes, including mortality, coronary heart disease, hypertension, diabetes and poor physical health-related quality of life [11] [12] [13] .
Common weight management practices for overweight and obesity are less effective for severe obesity, suggesting that prevention is essential [14] . Yet longitudinal data on how severe obesity develops -essential for informing preventive interventions -are lacking. Furthermore, published studies have aggregated data across a wide range of ages, so the timing of youth-onset severe obesity is poorly understood beyond its incidence prior to adulthood. To better understand the development and health implications of youthonset severe obesity, we examined a population-based sample of urban US girls. We (a) estimated prevalence and incidence rates of severe obesity and determined the persistence of severe obesity in late childhood and early adolescence in a population of particular importance for cardiovascular prevention, due to high lifetime risk for severe obesity and weight-related health complications; (b) examined for a secular trend in youth-onset severe obesity, as an indicator of how rapidly the development of extreme body weight in youth has shifted; (c) compared rates of increase in weight development across early adolescence from ages 7 to 10 among girls who were severely obese, versus those with BMI in the healthy range, at 12-15 years of age; and (d) investigated the role of poverty in accelerated weight development in girls.
Methods

Sample description
The Pittsburgh Girls Study (PGS; n = 2451) comprises urban girls aged 5-8 upon initial assessment (2000) (2001) and their primary caretakers [15] . They have been followed annually since enrollment. Low income urban neighborhoods in Pittsburgh were oversampled; neighborhoods in which at least 25% of families were living at or below poverty level were fully enumerated and approximately 50% of households in other neighborhoods in Pittsburgh were randomly selected for enumeration. Overall, 83.7% of girls listed by the US Census were identified. Analyses presented here use 10 annual data waves collected from wave 3 (ages 7-10; the first year with weight measurement) to wave 12 (ages [16] [17] [18] [19] . We excluded 225 PGS participants: 114 did not complete the PGS wave 3 survey and an additional 111 did not provide wave 3 weight data. Of our sample (n = 2226), on average, 92.6% (range: 88.0% to 97.3%) completed a PGS interview and 86.5% (range: 75.8% to 94.4%) provided data for BMI calculations annually in waves 4-12.
Data collection
Separate in-home interviews for girls and caretakers were conducted annually by trained interviewers. Interviewers also measured girls' height and weight. Families were compensated for their participation. Study procedures were approved by the University of Pittsburgh Institutional Review Board.
Measures
Caregivers' report of several demographic variables were assessed in wave 3: girl's age and race, family poverty (i.e., receipt of public assistance), whether the girl lived in a single-parent household, and caregiver education. Girls' BMI was calculated from annually measured height and weight. Weight data were excluded for any data wave in which a girl was pregnant. National reference data were used to calculate BMI-for-age percentiles and then determine age-and sex-specific weight status: underweight (<5th percentile); healthy weight (5th percentile to <85th percentile); overweight (85th to <95th percentile); obese (≥95th percentile) [16] . We used the ≥120% of the 95th percentile-for-age definition for severe obesity in these analyses, due to measurement advantages described above, widespread adoption [2, [4] [5] [6] [7] , and clinical relevance [17] . Girls who were obese, but not severely obese, were categorized as mild/moderately obese.
Analytic plan
We examined wave 3 (baseline; age 7-10) descriptive statistics for the full sample and for those girls with wave 8 (age 12-15) BMI in the healthy or severely obese ranges (the LGCM subgroup). To capitalize on the richness of the repeated measures data, we used several approaches to examine the development of severe obesity in this cohort. Prevalence and incidence of severe obesity in each of ten annual sample waves (waves 3-12) were calculated for the sample. To examine for a secular trend in weight development, we examined mean BMI and severe obesity prevalence for girls in the oldest and youngest birth cohorts. For this analysis, we fit a quadratic regression to the mean BMI by age with a cohort interaction using random effects modeling, and a logistic regression to severe obesity with a linear trend and a cohort interaction. To examine the persistence of severe obesity in childhood, we identified the girls who were severely obese in wave 3 (age 7-10), and (a) estimated the prevalence of severe obesity in this group annually through wave 12 (age 16-19) then (b) examined the distribution of body weight categories in this group in wave 12.
We examined weight development specifically across the transition to adolescence, comparing girls in wave 8 (12-15 years) who had (a) severe obesity or (b) healthy BMI. We compared demographic variables between the two groups at ages 7-10 and 12-15. We used logistic regression to assess for a cross-sectional relationship between family poverty and severe obesity, modeling the outcome of severe obesity at wave 8 (versus healthy BMI) as a function of race and family poverty in wave 3. Unconditional latent growth curve models (LGCMs) characterized the developmental trajectories of girls' BMI separately for the two weight-defined groups across waves 3-7. These models were estimated using a robust maximum likelihood estimator in Mplus 5.2 [18] . Missing data on dependent variables were handled with the expectation maximization (EM) algorithm. Model fit was evaluated using the χ 2 goodness of fit test, comparative fit index (CFI), Tucker-Lewis index (TLI), and rootmean-square error of approximation (RMSEA). For CFI and TLI, we used the conventional cutoff ≥0.90 for acceptable fit, and ≥0.95 for good fit. RMSEA values between 0.05 and 0.08 represent acceptable fit, while values <0.05 indicate good fit [19] . Girls who became pregnant between waves 3-8 were excluded from this analysis.
To assess any bias in our estimates due to missing data, for each age between 9 and 20, we identified individuals with and without BMI data, and compared them in terms of prior-year BMI. The PGS sampling design requires the use of sampling weights if we were to generalize to all Pittsburgh girls in this age range. Our primary goal was to understand weight development in areas with a high proportion of disadvantaged girls which is more aligned with unweighted analyses. Weighted incidence and prevalence analyses were conducted but did not have an impact on estimates or inference (see Supplementary Materials). Therefore, for simplicity, we present unweighted analyses here.
LGCM analyses were completed using Mplus 5.2, Los Angeles, CA. All other analyses used Stata 12.1, College Station, TX.
Results
Sample description
At baseline, the sample's mean age was 9.1 (SD =1.3) in wave 3, with primarily white (40.7%) or African American (53.4%) race and 30.8% of families received public assistance (Table 1) . Over 40% of girls were in single-parent households and approximately half of caregivers had 12 or fewer years of education. The mean BMI was 18.8 (SD 4.4) and over 30% of the sample was overweight or obese (≥85th percentile-for-age). BMI values for responders and nonresponders differed only at ages 14 and 15 (see Supplementary Materials), suggesting that any impact of body size on study retention was minimal.
Incidence, prevalence and persistence of severe obesity
Annual incidence rates for severe obesity ranged from 129 to 241 cases per 10 000 person-years (Table 2 ). In wave 3 (age 7-10), 8 .3% of girls were severely obese. Prevalence increased in late childhood, but stayed relatively stable at about 10% as the participants moved through their teenage years. For example, in wave 8 (age 12-15), 10.8% were severely obese (white: 6.6%; African American: 14.1%, p < 0.001) while in wave 12 (age 16-19), 10.1% were severely obese (white: 5.9%; African American: 13.2%, p < 0.001). A large proportion of severe obesity cases were persistent. When the sample was aged [16] [17] [18] [19] 55 .9% of severely obese girls had also been severely obese in wave 3.
In the subset of severely obese girls in wave 3 (age 7-10; n = 185), 65.5% to 84.9% of girls' measurements were consistent with severe obesity in each of the next 9 years. Wave 12 BMI data were available for 78% of this subset; of these 145 girls, only 5 (3.5%) had a healthy BMI; 12 (8.3%) were overweight; 33 (22.8%) had mild obesity (95-98th BMI percentile); and 95 (65.5%) were severely obese in wave 12.
Secular trends in BMI and severe obesity development
Among participants from the oldest and youngest birth cohorts, a quadratic regression examining how mean BMI changed with age showed a significant age by birth cohort interaction (p = 0.001), with girls born in the later year having slightly more rapid BMI growth (Fig. 1) . Because a non-quadratic term was non-significant, we used a linear model for the secular trend evaluation in severe obesity prevalence. A significant interaction between age and birth cohort was found (p = 0.034), indicating that the later-born girls had higher agespecific growth in severe obesity prevalence. For most annual data points, no significant difference was found for BMI or severe obesity prevalence between the two birth cohorts (Figs 1 and 2) .
BMI development among 12-15 year old girls who were severely obese and those with healthy BMI
The average BMI for girls in the wave 8 severe obesity group was 38.5 (SD 4.8) at age 12-15 while for girls in the healthy weight group it was 20.0 (p ≤ 0.001). The severe obesity group also had significantly higher BMI (p < 0.0.001) at each of the five prior annual assessments (Fig. 2) . BMI in the two groups was already quite distinct by age 7-10, with an average of 16.5 kg/m 2 (SD 2.2) among girls who would have a healthy BMI five years later and 26.5 kg/ m 2 (SD 4.5) among girls who would be severely obese five years later. The difference in average BMI between the two groups widened with each sample year, from 10.0 kg/m 2 in wave 3 (baseline) to 18.5 kg/ m 2 in wave 8.
The two subsets of girls (severely obese versus healthy BMI) selected based on BMI at wave 8 (age 12-15) did not differ in age, family poverty, or caregiver education at baseline (wave 3; Table 1 ). However, the racial composition of the two groups differed, with the wave-8 healthy BMI group being 48.8% African American, while the severely obese group was 70.3% African American (p < 0.001). Single-parent households were more common in the severely obese group (51.7% versus 39.9%; p = 0.002). The two groups also differed in wave 3 weight category, with healthy BMI being the predominant wave 3 weight status (86.3%) among girls with a healthy BMI in wave 8, and obesity being the most common wave 3 weight status (82.8%) among girls who were severely obese in wave 8 (p < 0.001).
When we examined the wave 8 demographic features for the two sub-groups (i.e., girls who were severely obese and those with healthy BMI at wave 8), findings were similar to the wave 3 data for most demographic features. However, while family poverty was similar in the two weight groups at age 7-10 (35.4% vs. 29.8%; Table 1 ), it was significantly more prevalent in the severe obesity group than the healthy weight group at age 12-15 (48.3% vs. 34.5%; p < 0.001). Using logistic regression, we found that the main effects of race and family poverty on weight status were qualified by a significant race by family poverty interaction (p < 0.001). That is, the odds that African American girls were in the severely obese group were 4.4 (CI: 2.89, 6.85) times those of white girls among the participants who did not receive public assistance (p < 0.001) but only 0.82 (CI: 0.46, 1.47; p = 0.507) times as high among those receiving public assistance.
The LGCM for the healthy weight group fit the data well [χ 2 (5, n = 1060) = 44.88, p < 0.001; CFI=0.99; TLI=0.97; RMSEA=0.08]. It indicated a mean wave 3 BMI in the healthy range for 9-year old girls (mi=15.74) with an average annual BMI increase of 0.83 kg/m 2 (linear ms=0.83, z = 11.82, p < 0.001) and a slight leveling off in growth over time. These findings correspond to a 3.32 kg/m 2 average increase in BMI from waves 3 to 7. For a girl with height at the national median value for ages 9 (133.1 cm) and 13 years (157.3 cm) [20] , the measured wave 3 BMI of the healthy-weight subgroup and the modeled growth rate would result in weight gain from 29.2 kg to 49.4 kg [21] . These values are similar to the median national female values (29.1 kg and 46.0 kg, respectively) [21] .
In the severe obesity group, the LGCM for BMI also fit the data well [χ 2 (7, n = 169) = 21.48, p = < 0.01; CFI=0.97; TLI=0.96; RMSEA=0.08]. The model's mean intercept indicates that, on average, girls were obese with a BMI of 24.47 kg/m 2 at wave 3 (mi=24.47, z = 63.01, p < 0.001) and the mean linear slope indicates an increase in BMI from wave 3 to wave 7 of, on average, 2.12 kg/m 2 per year (ms=2.12, z = 23.82, p < 0.001). A quadratic trend in slope was not significant. The modeled growth rate corresponds to an 8.50 kg/m 2 increase from wave 3 to wave 7; 2.6 times the rate of BMI growth seen for the girls in the healthy BMI group. For a girl with median national height at ages 9 (133.1 cm) and 13 years (157.3 cm) [20] , the measured wave 3 BMI and modeled growth rate correspond with a weight change from 47.83 kg to 87.79 kg (105.45 lb to 193.54 lb) over 4 years [21] .
Discussion
In this predominantly poor, urban female sample, 8.3% were severely obese at age 7-10 and 10.1% were severely obese in late adolescence (age [16] [17] [18] [19] , with late adolescent prevalence rates of 5.9% and 13.2% among white and African American girls, respectively. These prevalence rates are substantially higher than the 1% (95% CI 0.7-1.4%) reported for adolescents (mean age16.5 years) in 1996 in the US National Longitudinal Study of Adolescent Health (using the same severe obesity definition) [10] . The PGS age ) [2] . Differences in the PGS findings from published nationally representative data are likely to reflect a secular change and the urban and generally under-privileged status of the PGS sample.
Early-onset severe obesity frequently persisted across participants' pre-teen years, with 65.5% of those girls who were severely obese at age 7-10 also classified as severely obese 9 years later. Nearly 12% of severely obese girls were not obese 9 years later; a better understanding of their experiences may help inform future interventions. However, severe obesity incidence was also considerable in this time frame with 1780 (95% CI: 1698-1865) new cases per 10 000 person years over 5 years of follow-up. Furthermore, when growth was compared between girls with severe obesity, versus healthy BMI, in early adolescence, those in the severely obese group already had substantially higher BMI by age 7-10 and showed extremely rapid BMI growth (approximately 2.6 fold the rate of girls in the healthy weight group) over the next five years. The consistency of our findings with weighted or un-weighted analyses suggests that they may generalize to the larger population of girls in Pittsburgh -and potentially others from similar urban settings.
These data are particularly concerning due to the negative health impacts of severe obesity in adolescence [1, 9] and adulthood [11] [12] [13] . The long-term effects of early onset of severe obesity are unknown, but since severe obesity tends to persist, onset in youth may substantially inflate lifetime health risks and costs. In particular, the likelihood of long-term disability among those with early-onset severe obesity is sobering. For example, among severely obese women aged 50-69, the percentage reporting fair or poor health (40.5%), any limitation in their activities of daily living (21.4%) or having health problems that limit their work (45.7%) is substantially higher than among all obese women (24.5%, 10.8% and 27.3% respectively) [22] .
A recent publication noting that 4-6% of US youth are severely obese concludes that severe pediatric obesity demands attention and clinical management, citing its profound impact on affected individuals and the significant economic and health service burden it will pose to the health care system [14] . Our findings suggest that even higher levels of concern are warranted for urban girls, especially those who are African American, given their particularly high severe obesity prevalence. The PGS offers a rare opportunity to examine weight development in a population-based sample whose demographics (largely poor, urban, predominantly minority girls) put them among those with the highest risk for obesity-related illness. The long-term follow-up data spanning the time-period of the US obesity epidemic and extraordinarily high adherence rates in such a group (88-100% of our sample completed an interview in each year of these analyses) make the PGS data invaluable for understanding the natural history of severe obesity in this group and lend insight into how to best target those at highest health risks with intervention.
Historically, an inverse relationship has been noted between socioeconomic status and obesity [23] , and the BMI gap between low and high-SES individuals in the US has been found to increase across young adulthood [24] . The interaction between race and family poverty that emerged during early adolescence in our sample is consistent with prior literature showing that although an inverse pattern between weight and socioeconomic status is typically found for non-black samples, few data support such a relationship in black samples [25] [26] [27] . Our study suggests that early adolescence is a time at which this racial difference in the patterns between socioeconomic status and severe obesity tends to emerge or become more acute. Further study -particularly qualitative work -is needed to fully understand how socioeconomic status influences weight development and to explain our observation of a racial difference in severe obesity prevalence that is most pronounced among the more affluent urban adolescent girls. These analyses highlight the salience of research into the etiology and control of severe obesity. For example, obese individuals are typically leptin-resistant [28] ; cross-sectional data in adults and children show positive relationships between adiposity and serum leptin [29, 30] , and leptin (but not adiponectin) levels are higher in severely obese youth than those with mild/moderate obesity [5] . Furthermore, among children with high risk for adult obesity, higher levels of baseline leptin can predict increased BMI and increased total body fat mass [31] , suggesting that severely obese youth may be at high risk for future weight gain. A better understanding of the genetics of severe obesity is also necessary. Although genetic predisposition contributes to severe obesity risk [32] [33] [34] , most known genomic markers have small effects on body weight or on the risk of obesity (i.e., relative risks of 1.1-1.4), so are not useful in identifying individuals or families at higher risk for obesity for specific preventive or treatment intervention [35] . This may signal research opportunities as the clinical spectrum associated with one or more obesity genes may be broader than what is currently suspected, or one or more key causal genes may not yet be identified or recognized as contributing to severe obesity [36] .
Limitations of this study include the fact that it reflects a single geographic region, and weight development may differ with regional cultural patterns of eating and physical activity. In addition, we are unable to conduct race-specific growth curve modeling due to sample size limitations. As with all longitudinal studies, some data are missing, but the retention rate in the PGS sample is remarkably high given the follow-up duration. While, at two ages, girls with missing (versus available) anthropometric data had slightly higher mean BMI, such a pattern was not consistent over the ages examined here. Furthermore, any tendency for heavier girls to have missing BMI data would bias the results in a conservative fashion, resulting in under-estimates of severe obesity prevalence since the mixed models we used are valid when missingness is at random. Research is needed to evaluate whether hormone-related factors such as sex hormone-binding globulin, childhood insulin and polycystic ovary syndrome influence youth-onset severe obesity; all have been linked with severe obesity in young adulthood [37] . One proposed revision to the definition of severe youth obesity uses a cutpoint including both BMI ≥120% of the 95th percentile-for-age or an absolute BMI ≥ 35 kg/m 2 (whichever is lower) [14] . Since the inclusion of BMI ≥35 into the definition lowers the threshold for severe obesity for girls aged approximately 16 or above [14] , it would minimally impact most of our analyses (e.g., most rates and all modeling were limited to girls under the age of 16). Including BMI ≥35 in the definition of severe obesity, however, might reduce or eliminate the apparent decline in severe obesity prevalence that we saw in the secular trend analysis for girls over the age of 17.
Effective individual-based or public health approaches for childhood obesity are lacking [4] , despite extensive efforts in the development and implementation of childhood and adolescent weight management programs over the past decade. Intervention effect sizes have typically been modest or even negligible [38, 39] , and data specifically focusing on individuals with the most severe obesity are limited [40] . However, available data suggest that treatment is less effective in this group [14] . Bariatric surgery can lead to substantial weight loss for adolescents [41] , but carries a low risk of serious harm, along with high costs in dollars and healthcare resources. As bariatric surgery was only recently approved for youth, its long-term risks are unknown [41] and weight regain is common in adult bariatric populations [42] . Relying on such an expensive and invasive approach for treating what is now a relatively common problem in youth seems an imprudent societal strategy. Innovative, cost-effective strategies for prevention and treatment for youthonset obesity, particularly severe obesity, are sorely needed [4, 14] .
Our findings indicate that severe obesity is now prevalent at a very young age among urban girls: approximately 10% of girls in this sample were severely obese by age 11-14, with prevalence remaining 10-11% over the next 5 years. Furthermore, severely obese girls age 12-15 had experienced extraordinarily rapid BMI gain over the prior five years, and later-born girls had higher age-specific growth in severe obesity prevalence compared with earlier-born girls in the sample. These findings are a troubling counter-balance to any recent reassurance offered by a leveling off of obesity prevalence in US youth [43] . They suggest that among youth with some of the highest lifetime weight-related health risk -urban, under-privileged girls -it is not enough to monitor obesity prevalence alone as an indicator of body weight and future weight-related morbidity. Severe obesity should also be addressed. Our data suggest that childhood and early adolescence represent an important developmental window in which to prevent or treat severe obesity, particularly in poor and minority female populations.
